Objective: The objectives of this study were to verify in a series of patients with mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS) if those with low intellectual quotient (IQ) levels have more extended areas of atrophy compared with those with higher IQ levels and to analyze whether IQ could be a variable implicated on a surgical outcome. Material and methods: Patients (n = 106) with refractory MTLE-HS submitted to corticoamygdalohippocampectomy (CAH) (57 left mesial temporal lobe epilepsy (MTLE); 45 males) were enrolled. To determine if the IQ was a predictor of seizure outcome, totally seizure-free (SF) versus nonseizure-free (NSF) patients were evaluated. FreeSurfer was used for cortical thickness and volume estimation, comparing groups with lower (b 80) and higher IQ (90-109) levels. Results: In the whole series, 42.45% of patients were SF (Engel Class 1a; n = 45), and 57.54% were NSF (n = 61). Total cortical volume was significantly reduced in the group with lower IQ (p = 0.01). Significant reductions in the left hemisphere included the following: rostral middle frontal (p = 0.001), insula (p = 0.002), superior temporal gyrus (p = 0.003), thalamus (p = 0.004), and precentral gyrus (p = 0.02); and those in the right hemisphere included the following: rostral middle frontal (p = 0.003), pars orbitalis (p = 0.01), and insula (p = 0.02). Cortical thickness analysis also showed reductions in the right superior parietal gyrus in patients with lower IQ. No significant relationship between IQ and seizure outcome was found. Conclusions: This is the first study of a series of patients with pure MTLE-HS, including those with low IQ and their morphometric magnetic resonance imaging (MRI) features using FreeSurfer. Although patients with lower intellectual scores presented more areas of brain atrophy, IQ was not a predictor of surgical outcome. Therefore, when evaluating seizure follow-up, low IQ in patients with MTLE-HS might not contraindicate resective surgery.
Introduction
Epilepsy surgery is the most effective treatment for drug-resistant mesial temporal lobe epilepsy with hippocampal sclerosis (MTLE-HS), in spite of seizure recurrence in 30% of surgically treated patients [1, 2] .
Neuropsychological evaluation is very important in the presurgical workup since it contributes to the identification of candidates for surgery, potential risks, benefits, and efficacy of treatment [3] . High-resolution magnetic resonance imaging (MRI) is another essential tool in this process because in addition to being able to reveal the progression of the disease and to identify the epileptogenic lesion, it is a determinant in the diagnosis of MTLE-HS [4, 5] .
Among the most sophisticated postprocessing techniques of MRI, FreeSurfer is a set of automated tools for the reconstruction of the brain's cortical surface from structural imaging data and the most widely used implementation of surface-based morphometry (SBM) [6, 7] . FreeSurfer offers a higher reproducibility than other neuroimaging techniques and can be more robust [8] .
Studies investigating the reasons for one-third of patients continuing to present seizures following surgery, despite rigid candidate selection criteria, identified several clinical variables as predictors of postoperative outcome in MTLE-HS, such as hippocampal volume, Epilepsy & Behavior 82 (2018) [144] [145] [146] [147] [148] [149] bilateral hippocampal atrophy, age at surgery, epilepsy duration, and the presence of focal evolving to bilateral tonic-clonic seizures [9, 10] . However, since no features concerning seizure outcome with high predictive value have been reported [11] , it is pivotal to improve, during presurgical evaluation, the identification of patients who have more chances to present seizure recurrence [12] .
In approximately three decades, among the prognostic factors related to neuropsychology, low intellectual quotient (IQ) was considered as a variable that contraindicated temporal lobe resection [13, 14] . Even though investigations of cortical and subcortical volumes in patients with MTLE-HS and low IQ have not been reported, this condition would indicate multiple brain damage, decreasing the probability of these patients being seizure-free (SF) after surgery [14] .
There are few studies focusing on the surgical prognosis of patients with low IQ [15] , most of which lack large samples of patients with MTLE-HS. The aim of this study was to verify whether patients with low IQ levels have more extended areas of atrophy compared with those with higher IQ levels and to analyze whether IQ per se could be a variable associated with surgical outcome in patients with MTLE-HS.
Material and methods

Subjects
One hundred and six patients with refractory unilateral MTLE-HS (57 left mesial temporal lobe epilepsy (MTLE); 45 males) selected from a sample of 304 surgeries performed in the Department of Neurology and Neurosurgery, Universidade Federal de São Paulo, São Paulo, Brazil, between January 2004 and July 2013, underwent a comprehensive presurgical evaluation at Unidade de Pesquisa e Tratamento das Epilepsias. All procedures were conducted in accordance with the Declaration of Helsinki and approved by the ethics committee of the Universidade Federal de São Paulo. Informed and written consent (for additional scientific investigations) was obtained from patients.
This assessment consisted of a detailed clinical history, neurological examination, brain MRI, neuropsychological and psychiatric evaluations, and psychosocial assessments. Patients also underwent three to six days of continuous video-EEG (electroencephalography) monitoring, with 32-channel EEG recordings, with the electrodes placed according to 10-20 International System, plus additional intermediary temporal electrodes, and bilateral sphenoidal electrodes. All patients had clear MRI findings consistent with unilateral hippocampal sclerosis (HS), which included hippocampal hypersignal and/or atrophy [16, 17] . Those with unilateral HS and additional abnormalities other than brain atrophy detected by visual inspection; left-handed, illiterate individuals; and those whose acquired images did not meet the specifications required to run the FreeSurfer were excluded.
All patients underwent corticoamygdalohippocampectomy (CAH) performed by the same surgeon, employing the same operative technique. The first step was the temporal neocortex en bloc resection, lateral to the collateral sulcus, and 4.5 cm from the tip of the temporal lobe (which often corresponds to the origin of central sulcus artery) on both sides. The second step, following the collateral sulcus as an important anatomical landmark, lead us to the temporal horn of the lateral ventricle. Into the ventricle, we exposed the hippocampus, the collateral eminence, and the choroid fissure. Then, by subpial aspiration, the anterior and posterior segments of the uncus were resected exposing the third nerve, P1 and P2 segments of the posterior cerebral artery, the carotid artery, as well as the middle cerebral artery, and the anterior choroidal artery; all of them were recovered and protected by the pia mater. This procedure guaranteed the resection of the amygdala and entorhinal cortex. Finally, we proceeded to en bloc removal of 2.5 cm of the hippocampus and parahippocampal gyri. The preoperative antiepileptic regimen continued postoperatively.
Clinical features were retrospectively assessed according to a specific protocol developed for this study. We assessed surgical outcome based on the Engel Surgical Outcome Scale, defined at least one year after surgery. Patients were classified as completely SF (Engel Ia) or nonseizurefree (NSF, Engel Ib-IV) ( Table 1) .
MRI data acquisition
Brain structural imaging was performed before surgery in all subjects with a 1.5 T MRI system (Magnetom Sonata [Maestro Class] -Siemens AG, Medical Solutions, Erlangen, Germany) using an eightchannel head coil. The following sequences were acquired: (1) sagittal images (T1-weighted spin echo); (2) To increase the sensitivity of the preoperative investigations, it is necessary to improve the MRI acquisition as well as the postprocessing analyses, which could identify different types of anatomical abnormalities that can spread out the affected hippocampus [18] .
Surface-Based Morphometry (SBM) methods also have a somewhat higher reproducibility than other techniques such as VBM (voxel-based morphometry) and can be more robust in longitudinal studies that measure changes in gray matter thickness over time [8] .
FreeSurfer (version 5.3.0, https://surfer.nmr.mgh.harvard.edu) was used in this study for volumetric measurements of the cortical surface reconstruction, cortical thickness estimation, and subcortical and cortical structures. The procedure has been extensively described previously [7] . The obtained images were smoothed with a Gaussian filter at the full width at height maximum (FWHM) equal to 10 mm and entered in statistical analysis. The final sample for FreeSurfer analyses, which were submitted to a standard recon-all for all individuals, consisted of 70 patients, and we did a one-by-one visual inspection at the end of the process to check the quality of the segmentation.
Neuropsychological tests
Patients underwent neuropsychological tests to examine cognitive functions such as attention, executive functioning, memory, language, and intellectual level. All the tests were administered few weeks before surgery, as part of the evaluation protocol. Intellectual level was estimated using Wechsler Adult Intelligence Scale-Revised (WAIS-R), which was composed of vocabulary and block design tasks [19] . Laterality was also evaluated, and only right-handed individuals were included in the study.
Statistical analysis
One hundred and six patients were grouped according to the surgical outcome (SF = 45 versus NSF = 61), for the association with surgical prognosis analysis. For volumetric and cortical thickness correlation, we excluded 36 patients with low-average range IQ (80-89) in order to compare groups with lower (b 80) versus higher (90-109) IQ. No 
Volumetric analysis
The following eight Region of interest (ROIs) of each hemisphere were selected based on their recruitment during the IQ test tasks performance used for IQ evaluation as well as in surgical MTLE-HS prognosis [20, 21] : insula, thalamus, amygdala, rostral middle frontal gyrus, precentral gyrus, pars orbitalis, superior temporal gyrus, and inferior parietal gyrus. Comparing the groups with lower and higher IQ, the volumetric analysis was performed using a general linear model (GLM) multivariate analysis using volume as the dependent variable, group comparison (lower IQ × higher IQ) as the main factor, and age and gender as covariates.
Exploratory cortical thickness analysis
An exploratory whole-brain study was performed comparing the groups with lower versus higher IQ. A GLM was fit to each vertex considering cortical thickness as a dependent variable, the two groups (lower IQ × higher IQ) as the main factor, and age as a covariate variable. The Monte Carlo correction for multiple comparisons was used to set the significance level at 5%. The GLM analysis was carried out using the Query, design, estimate and contrast (QDEC) interface from the FreeSurfer package.
Association with surgical outcome and predictive power
A logistic regression was performed between the dependent variable [i.e., seizure freedom (SF × NSF)] and the independent variable (i.e., IQ) to determine whether the latter was a predictor of seizure outcome, adjusting for age at surgery. The whole sample of 106 patients was used [i.e., in this analysis, we included patients with low-average range IQ [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] , in addition to the other two groups (lower and higher IQ)].
Results
Demographics
Clinical data of the 106 patients are summarized in Table 2 . Educational level (p b 0.001) and IQ (p b 0.001) were inferior in the group with lower IQ. Fig. 1 shows the surgical outcome (SF and NSF) in the groups and the seizure outcome for different IQ categories.
Volumetric analysis
Some regions were reduced in the exploratory cortical thickness analysis, but the differences were not significant after correction for multiple comparisons. Thus, the ROIs were selected for volumetric analysis aimed to compare the groups. The analysis was performed using age as a covariate variable.
Comparing groups with lower versus higher IQ, the total measurement of the cortical volume was different (p = 0.01) (Fig. 2) . Some other regions exhibited significantly different measures in both hemispheres. For the left hemisphere, these included the following: rostral middle frontal (p = 0.001), insula (p = 0.002), superior temporal gyrus (p = 0.003), thalamus (p = 0.004), and precentral gyrus (p = 0.02); for the right hemisphere, these included the following: rostral middle frontal (p = 0.003), pars orbitalis (p = 0.01), and insula (p = 0.02). As shown in Fig. 3 , patients with lower IQ presented lower volumes, compared with those with higher IQ.
Cortical thickness analysis
In a global exploratory analysis, the whole-brain comparison between the groups with lower and higher IQ was performed, adjusting the model for the age of the patients. There was a reduction in the cortical thickness of the right superior parietal gyrus after Monte Carlo correction (p b 0.005) (Fig. 4) .
Seizure outcome
In the whole series, the seizure outcome at a minimum of one year follow-up [5.22 ± 2.44 (mean ± standard deviation (SD))] was 42.45% SF (Engel Class Ia; n = 45) and 57.54% NSF (n = 61). Qualitatively, the percentage of SF patients was greater (47.2%) in the group with low-average IQ (80-89) and smaller (31.9%) in the group with average IQ (90-109) . Additionally, we found 43.8% of SF patients with intellectual disability and borderline IQ range (b80).
In the logistic regression analysis, IQ was a predictor of seizure outcome at a minimum of one year follow-up in the model adjusted for age [odds ratio (OR): 0.81, 95% confidence interval (CI): 0.95-1.03, p = 0.81].
Discussion
Even though several markers have been described as good predictors of surgical outcome [9, 22] , it is expected that up to 40% of patients with MTLE-HS submitted to surgery for refractory epilepsy remain with persistent seizures after CAH [23] [24] [25] . The rate of optimal surgical results was relatively lower in our sample (57.5% Engel Ib-IV), while the rate of patients presenting few or no disabling seizures was in agreement with the expected (70.8% Engel Class I). However, the proportion of patients experiencing disabling seizures increases over time, reaching, in some series, less than 50% seizure freedom in five years [16, 26, 27] . In our sample, consistently with the literature considering the long-term follow-up (5.22 yrs ± 2.44) of a well-selected group of patients with MTLE-HS totally SF (Engel Ia), the percentage of SF patients was 42.5%.
Surgical outcome predictors of MTLE-HS frequently reported are unilateral signs of HS on MRI and unilateral interictal epileptiform discharges [28] [29] [30] . Other reported predictors are epilepsy duration, history of febrile seizures, epileptiform discharge frequency, and the presence of focal evolving to bilateral tonic-clonic seizures [22] . Little attention has been devoted to the notion of neurocognitive markers, i.e., components of the cognitive domain that might have a more proximal relationship to the neurobiological aspects of epilepsy, and, therefore, greater diagnostic sensitivity at a presurgical level [31] . Following this reasoning, regarding the cognitive measures of the preoperative neuropsychological evaluation, IQ was the variable chosen to be investigated as a possible predictor of seizure outcome. We combined IQ tasks with a postprocessing imaging technique to verify whether patients with lower IQ presented more areas of brain volume reduction compared with those with higher levels.
During presurgical workup, the decision on surgical indication for patients with lower IQ levels is controversial. In our study, IQ was not correlated with surgical outcome, raising the possibility that this measure per se is not a contraindication for CAH in patients with MTLE-HS. This issue has been debated since the 70s, when Falconer [14] suggested that patients with temporal lobe epilepsy and intellectual disability should not be considered for surgery because of the possibility of a bilateral pathologic process. In The Palm Desert International Conference of the Epilepsies, there was a considerable discussion over whether patients with an IQ of 79 or below would be suitable for resective surgery [23, 32] . Investigating 36 patients, 17 of whom have MTLE-HS, Lieb et al. [33] stated that patients with poor seizure outcome tended to have lower presurgical intelligence scores and a drop in IQ following temporal lobectomy. For Dodrill et al., only the digit symbol subtest of the full scale of intelligence was a predictive variable of seizure outcome. These authors found other factors involved in surgical outcome, but no other neuropsychological measurement, including IQ scores [34] . Since then, some studies have indicated that baseline IQ predicts seizure outcome following epilepsy surgery, and low IQ would contraindicate temporal lobe surgery, probably because of the assumption that a more diffuse brain damage occurs and the likelihood of multiple epileptogenic regions, in addition to the assumption that these patients might be unable to compensate for surgically induced cognitive deficits [23] .
An important previous multicentric study with gathered data from eight epilepsy centers found associations between IQ levels and seizure outcome [32] . The authors pointed out that these findings were so weak that IQ scores should not be used to exclude patients as potential surgical candidates [32] . In this case, we must consider that the series was not composed of a pure MTLE-HS series of patients. Likewise, other studies have not found associations between seizure outcome and presurgical IQ levels [35] [36] [37] . On the other hand, studying temporal lobe epilepsy and extratemporal epilepsy, Malmgren et al. [15] have demonstrated IQ levels as an independent predictor of seizure freedom at one year follow-up; however, they have observed that patients with low IQ benefit from surgery, mainly those with structural lesions. Their series included four groups of histopathological diagnoses: lesions (gangliogliomas, dysembryoplastic neuroepithelial tumors, and low-grade astrocytomas and cavernomas), cortical malformations (major malformations and microdysgenesis), gliosis (atrophic-gliotic lesions and mesial temporal sclerosis), as well as other diagnoses [15] . Our series of patients with HS as the only lesion provides more reliable data for the analysis of IQ as a possible prognostic factor.
Regarding FreeSurfer analysis associated with IQ measures, a lower total volume, as well as a smaller cortical thickness of the right superior parietal gyrus and a reduced volume of the frontal and temporal regions were found in patients with lower IQ. No other study investigating IQ associated with postprocessing imaging techniques in MTLE-HS was conducted to allow comparison with our data. A study involving 10 adult patients with Lennox-Gastaut syndrome and 10 subjects in a control group did not find differences in total intracranial volume but found reduced volumes of gray and white matter. Lennox-Gastaut syndrome is a type of severe epilepsy of childhood onset associated with intellectual disability [38] . Imaging studies have identified normal variability in anatomical characteristics of the brain, notably in the parietal and frontal regions in healthy subjects [39] . Most anatomical imaging studies have correlated psychometric measures of intelligence with gray or white matter volumes [21] . Furthermore, dorsolateral prefrontal cortex, anterior cingulate gyrus, and inferior parietal cortex have shown the most consistent correlations with scores of full-scale intelligence quotient [40] . These findings have linked intellectual ability to the multimodal frontal and parietal association cortices and their connections [40] . The parietal cortex plays an important role for intelligence through its interaction with the frontal cortex via the arcuate fasciculus and also because the angular, supra marginal, and superior parietal gyri would be pivotal in complex mental processes [40] , converging with our finding of lower thickness in the superior parietal gyrus of patients with lower IQ.
Another cross-sectional study of 65 young healthy adults demonstrated gender-dependent positive correlations of IQ with cortical thickness in the prefrontal and posterior temporal cortices, with gender influencing regional correlations [41] . More studies are required to evaluate the presence of atrophy in different brain areas related to IQ in candidates for surgical evaluation in MTLE-HS, including other neuropsychological measures, in order to increase the accuracy in the selection of good candidates for this alternative treatment.
Conclusions
In conclusion, our study shows that IQ is not a predictor of surgical outcome per se, although patients with lower intellectual scores present greater volume reduction in different brain regions, as well as lower total cortical volume. Lower IQ in patients with MTLE-HS does not contraindicate resective surgery with respect to follow-up regarding seizures.
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